INTRODUCTION
============

Currently, the standard radiotherapy for malignant glioma is to deliver a total of 60 Gy to the surgical bed or residual tumor with conventional fractionation using 3-dimensional conformal radiotherapy. However, the majority of tumors recur or progress at the primary lesions.[@B1] Although a number of trials have attempted to evaluate the benefit of dose escalation, most of them have failed to prove a benefit for conventional radiotherapy with more than 60 Gy.[@B2]-[@B4] Simultaneous integrated boost (SIB)-intensity modulated radiotherapy (IMRT) has emerged as a novel treatment method and has been shown to provide dosimetric benefits for protecting adjacent normal tissues.[@B5],[@B6] Using this method, overall treatment time can be shortened and a biologically effective dose (BED) can be escalated by hypofractionation, both of which are important for overcoming radioresistance.[@B7]

At our institution, we have begun to offer hypofractionated SIB-IMRT as an option to patients with malignant glioma since 2004. Since malignant gliomas typically show a gradient of infiltrating tumor cells that decreases as one moves away from the mass on microscopy,[@B8],[@B9] we used three-layered planning target volumes (PTV) to deliver a sufficient dose to the peritumoral area. We conducted this study retrospectively to assess the feasibility and efficacy of hypofractionated SIB-IMRT using three-layered PTV for malignant gliomas.

MATERIALS AND METHODS
=====================

This study was approved by the Institutional Review Board of our institution (approval number: 4-2012-0938).

Patients and tumor characteristics
----------------------------------

This study included 12 patients with histologically confirmed malignant gliomas (10 glioblastomas, 2 anaplastic astrocytomas) who were treated by SIB-IMRT postoperatively between January 2004 and December 2007. All patients provided informed consent prior to undergoing radiotherapy. The median follow-up periods for all the patients and the surviving patients were 36 months (range, 8-65 months) and 52 months (range, 21-65 months), respectively. [Table 1](#T1){ref-type="table"} summarizes their clinical characteristics. The median age of the patients was 40.5 years (range, 21-70 years). The numbers of patients who underwent gross total resection, subtotal resection and partial resection were nine, two and one, respectively. Retrospective O^6^-methylguanine-DNA methyltrasferase (MGMT) promoter methylation analysis was available in 10 patients: 8 patients were unmethylated and 2 patients were methylated. In all patients, postoperative brain magnetic resonance imaging (MRI) was performed within 48 h after surgery to distinguish residual tumor from postoperative change. Radiotherapy was begun within 2-3 weeks after surgery in principle.

Radiotherapy planning-target definition, dose prescription, and normal tissue constraints
-----------------------------------------------------------------------------------------

Target volume definitions and order of delineation were as follows. First, H-PTV was set by drawing a 0.5 cm margin to the postoperative surgical margin and the residual gross tumor, and then L-PTV was set by expanding the H-PTV 3-dimensionally to provide a 1.5 cm margin. Lastly, M-PTV was drawn at the point close to a third of the way to H-PTV along the shortest distance between H-PTV and L-PTV. Organs at risk, such as the eyes, lenses, optic chiasm, optic nerves, brain stem, and scalp were also delineated.

In all patients, daily doses of 2.5, 2.15 and 1.8 Gy were prescribed to H-PTV, M-PTV and L-PTV, respectively. In our institution, two radiation oncologists treated brain tumors, and the dose schemes administered thereby were different between the two. The first scheme was administered in 8 patients; 28 fractions of irradiation were administered at the total doses of 70 Gy, 62 Gy and 50.4 Gy, respectively. The other schedule was performed in 4 patients; irradiation was performed 25 times with the total doses of 62.5 Gy, 53.8 Gy and 45 Gy, respectively. When the total prescribed doses were converted to a BED with α/β ratio=3, 8 patients (67%) received ≥125 BEDGy~3~ and the remaining 4 (33%) patients received 114.6 BEDGy~3~. Post-operative radiotherapy was initiated 14-39 days (median 16 days) after surgery. The start of radiotherapy was delayed in 2 patients, who were operated on at another hospital and referred to our hospital for radiotherapy. Median overall treatment time was 40.5 days (range, 37-51 days). The treatment period exceeded 6 weeks in 4 patients because of failure with medical equipment in 2 patients, leukocytopenia in one patient, and a poor general condition in one patient. Two patients underwent linac-based IMRT, and 9 underwent helical tomotherapy. Linac-based IMRT was planned with the Corvus® (Nomos Corp., Pittsburg, PA, USA) system, and helical tomotherapy with the Hi-Art® (Tomotherapy Inc., Madison, WI, USA) planning station.

Comparative planning analysis
-----------------------------

We performed a comparative planning study in order to determine the dosimetric benefits of a three-layered target volume plan (3LP), compared to a simple two-layered target volume plan (2LP) in terms of accounting for gradual decreases of invasion into surrounding normal brain tissue by glioma cells. 3LP was eventually applied to the patients. In 2LP, M-PTV was removed from prescriptions while maintaining the same prescription and dose constraints for other PTVs and normal tissues for rational comparison. We assumed that all of the 12 patients were prescribed 70 Gy, 60.2 Gy and 50.4 Gy with 28 fractions for H, M and L-PTV, respectively, although 4 of the 12 patients actually received 25 fractions. The results of the two plans were compared via a radiation dose profile, differential dose volume histogram (DVH), and 3D-dose distribution using Mathmatica® (Wolfram Research, Champaign, IL, USA).

Chemotherapy
------------

All of the patients received temozolomide (TMZ)-based chemotherapy, which was administered concurrently with radiotherapy in 11 of the 12 patients and sequentially after radiotherapy in 1 patient. The drug was administered at 75 mg/m^2^ daily during radiotherapy, and 150-200 mg/m^2^ daily after radiotherapy. The cyclic administration of TMZ was performed for 4-24 cycles (median 11.5 cycles).

Toxicity assessment and follow-up
---------------------------------

Toxicity was graded according to the toxicity criteria of the Radiation Therapy Oncology Group/European Organization for Research and Treatment of Cancer. In all patients, complete blood cell counts were taken weekly during radiotherapy. MRI was obtained 4 weeks after the completion of radiotherapy and every 3 to 4 months thereafter to check for progression. In-field progression was defined as recurrence within the target volumes. Out-field recurrence was defined as recurrence outside of the L-PTV. Dissemination was defined as recurrence of multiple foci outside the target volume, including leptomeningeal seeding. In cases of patients who underwent total removal of a tumor, recurrence was regarded as progression. Pseudoprogression was defined as a transient increase in contrast enhancement within the radiation field, detected before 3 months post-radiotherapy and resolving or stabilizing after 1-2 months.

Progression-free survival (PFS) and overall survival (OS) were calculated from the day of surgery and estimated by the Kaplan-Meier method. The significance of prognostic factors was analyzed by the log-rank test.

RESULTS
=======

Treatment-related toxicity
--------------------------

Hematologic toxicities during the treatment period included the following: grade I anemia in 2, grade II anemia in one, grade II thrombocytopenia in 2, and grade III neutropenia in 2 patients. Grade I central nervous system toxicity was observed in 2 patients and grade II in 3 patients. Four patients experienced decreased appetite. Three patients showed pseudoprogression. Radiation necrosis (RN) occurred in 4 patients at post-radiotherapy 9, 11, 14 and 31 months without any symptom. [Fig. 1](#F1){ref-type="fig"} demonstrates the serial MRI and helical tomotherapy plan of a patient with RN detected at post-radiotherapy 11 months. Intracranial hemorrhage developed in one patient at post-radiotherapy 4 years with sudden signs of increased intracranial pressure (IICP), while the correlation between this and radiotherapy was unclear. The patient recovered after surgical removal of the hematoma.

Survivals and prognostic factors
--------------------------------

The median follow-up periods for all of the patients and the surviving patients were 28 months (range 10-65 months) and 52 months (range 21-65), respectively. The 2-, 3- and 5-year OS rates were 66.6%, 57.1% and 47.6%, respectively. The 2-, 3- and 5-year PFS rates were 57.1%, 45.7% and 45.7%, respectively ([Fig. 2](#F2){ref-type="fig"}). The median OS was 48 months (95% CI: 29-67 months). Six patients experienced progression, and the median PFS was 32 months. Five of the six patients with progression died of the disease. The other patient, who is still alive, experienced tumor recurrence as leptomeningeal seeding at post-radiotherapy 21 months and received craniospinal irradiation and TMZ-based salvage treatment. Five of the six patients without progression have remained in a disease-free state up to the last follow-up, while the other patient died of acute pneumonia.

Significant prognostic factors shown to be related to better OS on univariate analysis included Karnofsky performance status (KPS) 90 or 100 (*p*=0.005) and a total dose ≥125 BEDGy~3~ (*p*=0.032). All patients with MGMT methylation were alive, but the difference in OS was not significant (*p*=0.167). Patients without pseudoprogression (*p*=0.237) and with radiation necrosis (*p*=0.220) tended to show better OS. For PFS, KPS 90 or 100 (*p*=0.037) and without pseudoprogression (*p*=0.025) were shown to be significant factors on univariate analysis. Patients who received a total dose ≥125 BEDGy~3~ (*p*=0.094) and with radiation necrosis (*p*=0.189) tended to exhibit better PFS, but these were not statistically significant ([Table 2](#T2){ref-type="table"}).

Patterns of failure
-------------------

In total, six cases of progression were noted. One was in-field (in H-PTV), one was in-field (in L-PTV) with dissemination, one was out-field, one was out-field with dissemination, and two involved dissemination.

Of the 8 patients prescribed at 70 Gy (BED 128 Gy~3~), there were no in-field failures, but out-field failures were observed in 3 patients. The failure patterns were as follows: skin recurrence caused by histologically confirmed surgical seeding; multifocal recurrence occurred out-field of the ipsilateral and contra-lateral brain with leptomeningeal seeding; and out-field recurrence followed by disseminated disease. On the contrary, for the 4 patients prescribed at 62.5 Gy (BED 114 Gy~3~), recurrence occurred in 3 patients. One patient among them experienced in-field failure at the L-PTV 12 months after radiotherapy with concomitant leptomeningeal seeding. The extent of disease was very wide and tumor invaded the optic chiasm. In another patient, leptomeningeal seeding occurred in the lateral ventricle outside the radiotherapy (RT) field and in the parietal area at 21 months after treatment of a tumor of left temporal origin. The other patient died at 15 months of in-field failure that occurred in H-PTV at post-RT 8 months.

Effect of three-layered target volumes: comparative planning study with two-layered target volume
-------------------------------------------------------------------------------------------------

[Fig. 3](#F3){ref-type="fig"} shows the 3D dose distribution of the target volumes and dose profiles on the axial plane for one representative patient. The decrease in dose from the margin of H-PTV to L-PTV was much slower in 3LP than in 2LP, in which the dose decreased sharply as soon as it passed out of H-TPV. Between the two planning methods, differential DVHs were similar for H-PTV, but clearly different for M-PTV and L-PTV. While L-PTV in 2LP had a sharp peak at 50.4 Gy, that in 3LP showed a gentle slope, suggesting a gradual decrease of radiation dose from the border of H-PTV to L-PTV. In 3LP and 2LP for the 15 patients, the D95% of H-PTV were 69.7±0.5 Gy and 69.6±0.6 Gy, respectively, and those of L-PTV were 52.1±1.1 Gy and 50.0±0.8 Gy, respectively, showing little difference between the two plans; however, those of M-PTV were 60.3±1.9 Gy and 54.9±1.7 Gy, respectively, showing a dose increase of around 6 Gy (10%) in 3LP. The D95% of M-PTV in 3LP was close to the dose prescribed for M-PTV of the three-layered target. V60 Gy and V50 Gy were about 22% and 37% higher, respectively, in 3LP than in 2LP. However, the difference in dose distribution for surrounding normal tissues between the two plans was less than 3%, a negligible level.

DISCUSSION
==========

Malignant glioma is known to involve a dismal prognosis despite the availability of multi-modality approaches of surgery, radiotherapy and TMZ-based chemotherapy.[@B10] This study reports promising preliminary treatment outcomes and relatively high incidence of RN after SIB-IMRT using three-layered target volumes.

In this study, we applied an intermediate hypofractionation scheme (2.5 Gy per fraction to high-risk area) instead of the conventional fractionation. Since glioblastoma cells exhibit a low ratio on *in vitro* survival curves[@B11] and all radiation dose escalations up to 90 Gy with conventional fractionation develop in-field recurrence,[@B12] we hypothesized that optimal fractionation should go beyond the fraction size of 1.8-2.0 Gy. In a previous study by the Narayana group,[@B13] who used IMRT of conventional fractionation, 95% of relapses were still local. In our study, there was no in-field failure among patients whose H-PTV was irradiated at 70 Gy (BED 128 Gy~3~) with 2.5 Gy per fraction. We used 2.5 Gy rather than a larger fraction size in order to reduce the risk of complications and to maximize the benefits of fractionation through a treatment period of around 5 weeks. In the cases of the IMRT trial by Floyd, et al.[@B14] that prescribed a total dose of 50 Gy (133 BEDGy~3~) with 5 Gy per fraction and the trial by Iuchi, et al.[@B15] that prescribed a total dose of 48-68 Gy (260 BEDGy~3~) with 6-8.5 Gy per fraction, the incidences of RN requiring surgical intervention were 15% (3 of 20 patients) and 12% (3 of 25 patients), respectively. In our study, 4 of 12 patients (33%) experienced RN. They were all asymptomatic and the necrosis occurred mostly near the H-PTV area. One possible reason for this relatively high incidence of RN is the concurrent use of TMZ. Since both the first and the 5-year follow-up report of concurrent TMZ and conventional RT[@B16],[@B17] and a single institutional experience of hypofractionated RT with concurrent TMZ did not mention RN specifically,[@B18] little is known about the incidence of RN after concurrent TMZ and hypofractionated RT. Despite a small patient number of our study, we think that this could be useful information.

We used α/β ratio of 3 Gy because malignant gliomas are considered as a late responding tissue like neural tissue due to its relative radioresistance,[@B14] and there are experimental and clinical data which have reported α/β ratio of 3 Gy for malignant glioma cells.[@B19],[@B20] Furthermore, dose to the perilesional tissue has to be concerned to estimate the risk of RN for surrounding normal brain tissue which is included in the target volume.[@B21]

All patients in this study underwent resection and 93% received total or subtotal resection. This might have contributed to the improved survival in our study. Also, it could a possible explanation for no symptom of our patients with RN. It is possible that the focal IICP from a small degree of radiation necrosis can be dispersed through surgical defects caused by preceding surgery, and therefore, does not cause clinical symptoms.

Some authors have reported that a delayed start of radiotherapy lowers survival rates.[@B22]-[@B24] In our patients, the median length of time between surgery and postoperative radiotherapy was 16 days. Except 2 patients who had surgery at another hospital and who were referred to our hospital for radiotherapy, and one patient with anaplastic glioma, all of the remaining 9 patients began postoperative radiotherapy within 2-3 weeks. Suzuki, et al.[@B25] reported dismal prognoses despite the use of same fractionation scheme reported in this study. Their study, however, differed from this study in two ways: a two-layered target volume was used and the median time from operation to RT was 23 days, a week longer than ours.

In this study, we used three-layered target volumes. In comparison with 2LP, 3LP could achieve more differentiated fractional doses accounting for the gradual decrease in invasion of surrounding normal brain tissue malignant glioma cells from the gross tumor or surgical resection margin. As proven by clonogenic assay, which is a key experiment in radiation biology, cell colonies survive in proportion to the number of plated cells if different numbers of cells are plated in cell culture dishes and are irradiated.[@B26] This supports the fact that different radiation doses should be prescribed according to the number or density of cells.

An another interesting finding of this study is a relative increase in multifocal or disseminated recurrence in spite of the increased local control through SIB-IMRT. In malignant glioma, multifocality has been reported to be around 10-20%; however, our study showed that it may increase up to 50% in long-term follow-up, even with temozolomide-based chemotherapy. This suggests that if local control and survival are improved, a risk of dissemination may increase.

Since this report is a single institutional, retrospective study of small number of patients, the result of our study is hard to be generalized to all malignant glioma patients. In addition, our study is a preliminary report of single treatment technique and not a comparison study, therefore, it is difficult to draw a conclusion involving superiority of the technique. Despite such limitations, the encouraging outcomes in this report warrant further investigation and future clinical studies of IMRT for malignant gliomas.

In summary, hypofractionated SIB-IMRT for malignant glioma seems to be tolerable and improving local control in patients who underwent resection. Since the incidence of RN is relatively high in these patients with concurrent TMZ, this technique might be safer and helpful for the patients with contraindications for TMZ.
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![A patient who experienced non-symptomatic radiation necrosis 11 months after treatment. He underwent near total tumor removal and helical tomotherapy based on the three-layered target volumes with dose prescriptions of 70 Gy, 60.2 Gy, and 50 Gy. He is alive after more than 5 years without evidence of disease progression. RT, radiotherapy.](ymj-55-70-g001){#F1}

![Survival curves. (A) Overall survival. (B) Progression-free survival.](ymj-55-70-g002){#F2}

![Comparative planning study between three-(3LP) and two-layered plans (2LP). (A and B) Three-dimensional dose distributions in 3LP and 2LP. (C) A coronal two-dimensional dose distribution along the red line in three-dimensional dose distribution. Points a and b mark the outer margins of H-PTV and L-PTV, respectively. The elliptical purple area from points a to b shows the area of key dose differences between 3LP and 2LP. (D) Differential dose volume histogram for H, M, L-PTVs in two plans. PTV, planning target volumes.](ymj-55-70-g003){#F3}
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MGMT, O^6^-methylguanine-DNA methyltrasferase.
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Univariate Analysis of 3-Year OS and PFS Rate
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OS, overall survival; PFS, progression-free survival; BED, biologically effective dose; MGMT, O^6^-methylguanine-DNA methyltrasferase.
